Objectives: To evaluate the influence of bilateral or left sympathectomy on left ventricular remodeling and function after myocardial infarction in rats.
Left ventricle fibrosis is reduced by bilateral sympathectomy.
Central Message
Bilateral sympathectomy attenuates left ventricular remodeling and preserves ventricular function after myocardial infarction.
Perspective
We hypothesized that bilateral sympathectomy may positively influence ventricular remodeling and clinical evolution in compromised left ventricular function after myocardial infarction. In rats, sympathectomy decreases substitution of the normal extracellular matrix in the fibrotic tissue by regulation of metalloproteinases and apoptosis.
See Editorial Commentary page 864.
Despite continuous therapeutic advances, the mortality and morbidity of chronic heart failure continue to increase, and new treatment options are needed. Ventricular remodeling has been associated with poor long-term outcomes after myocardial infarction (MI), and the progression of ischemic cardiomyopathy is characterized by several factors, including augmented sympathetic activity.
New nonpharmacologic treatments of heart failure have focused on increasing parasympathetic activity via the use of different stimulation approaches or sympathetic blockade with renal sympathetic denervation and left cardiac sympathectomy.
procedures are encouraging, but initial clinical trials have been unpredictable and harmful. [1] [2] [3] A preliminary study reported modest efficacy of left cardiac sympathetic denervation in patients with dilated cardiomyopathy, 4 and this procedure has been shown to modify favorably the incidence of life-threatening arrhythmia. 5 Besides the decrease of sympathetic activity, several mechanisms of neuromodulation in these new interventional modalities probably contribute to their favorable effect, including reduced apoptosis, metalloproteinase inhibition, and augmentation of the anti-inflammatory effect of vagal activity. 6, 7 In this study, we evaluated the influence of bilateral or left thoracic sympathectomy on left ventricular (LV) remodeling and function after MI induction in rats. The possible involvement of alterations of the cardiac extracellular matrix and myocardial inflammatory compromise during ventricular remodeling also was investigated.
MATERIALS AND METHODS
All experiments were performed under the ethical principles for animal research adopted by the Brazilian College of Animal Experimentation. Approval of the Animal Subject Committee of the University of Sao Paulo Medical School was obtained. This work was supported by FAPESP grant (#2013/06130-3) and received ethics committee approval (CEP-FMUSP #145/12). A demonstration of some experimental procedures are briefly shown in Video 1.
Anesthesia, Analgesia, and MI Induction
Male Wistar rats weighing 300 to 350 g were anesthetized with isoflurane in O 2 (FiO 2 100%). After induction of anesthesia with 5% isoflurane and orotracheal intubation, the animals were ventilated mechanically in a rodent ventilator (Harvard Apparatus, Holliston, Mass) with tidal volume of 7 mL/kg, 70 breaths per minute.
After trichotomy and antisepsis, left thoracotomy was performed, and MI was induced by ligation of the left anterior descending artery (LAD) (n ¼ 77), as described previously. 8 Sham rats (n ¼ 14) were submitted only to thoracotomy.
Chemical Sympathectomy and Experimental Groups
Seven days after MI induction, rats were divided randomly in 3 groups: MI only, left sympathectomy (LS) with MI, and bilateral sympathectomy (BS) with MI. Sympathectomy was performed by chemical sclerosis of stellate ganglion (SG) with 200 mL of absolute ethanol. To access the SG, we used the percutaneous lateral technique, as described by Gulcu and colleagues. 9 To summarize in brief, rats were placed in the left or right lateral decubitus position, and after palpation of the C7 vertebra, the lower part was fixed. An insulin injector was inserted laterally towards the vertebral surface, and ethanol was injected when the needle touched this surface. To promote LS, ethanol was injected on the left side; to promote BS, ethanol was injected on both sides of the C7 vertebra. Sympathectomy by SG sclerosis was confirmed through observation of ipsilateral ptosis.
LV Function Evaluation
Eight weeks after MI induction, rats were anesthetized as described previously. A 2F microtip pressure-conductance catheter (SPR-838; Millar Instruments, Houston, Tex) was inserted into the right carotid artery and advanced into the left ventricle. Ten minutes after stabilization, signals were recorded with a pressure-volume conductance System (MPVS-Ultra, Millar Instruments, Houston, Tex) connected to a data acquisition system (PowerLab, AD Instruments, Colorado Springs, Colo). LV stroke work (LVSW), stroke volume (SV), cardiac output (CO), left ventricular end-diastolic volume (LVEDV), LV end-systolic volume, left ventricular end-systolic pressure, left ventricular ejection fraction (LVEF), heart rate, maximal slope of the LV systolic pressure increment (dP/dt max), and time constant of LV pressure decay (tau) were obtained at steadystate conditions and after pharmacologic stress. The dobutamine protocol was performed via a continuous infusion of 2.5 mg/kg/min for 10 minutes, followed by 5 minutes of data acquisition. Thereafter, the dosage was increased to 5.0 mg/kg/min for 10 minutes, followed by 5 minutes of data acquisition. In addition to the general parameters obtained at steady-state and after pharmacologic stress, myocardial mechanical efficiency was estimated via the ratio between LVSW and pressurevolume area under the different conditions. 10 We injected 50 mL of 7.5% hypertonic saline at the end of each experiment, and parallel conductance volume was calculated and used for correction of the cardiac mass volume. Volume calibration was performed with fresh heparinized warm blood.
Histological Analysis
At the end of the experiments, rats were euthanized by exsanguination. The hearts were arrested in diastole by infusion of hyperkalemic solution 
Heart Homogenate and Enzyme-Linked Immunosorbent Assays
Heart homogenates were prepared via the quantification of enzymelinked immunosorbent assay of some substances. A part of the noninfarcted LV wall was weighed and homogenized with phosphate-buffered saline (PBS; 1 mL/100 mg tissue) in a TissueLyser. These homogenates were centrifuged at 3000g for 5 minutes at 4 C, and thereafter the supernatants were centrifuged again at 5000g for 20 minutes at 4 C. Aliquots of the LV homogenate supernatant were stored at À80
C. The concentration of interleukin (IL)-6 and IL-10 (R&D Systems Inc, Minneapolis, Minn), catecholamines (adrenaline and noradrenaline; MyBioSource, San Diego, Calif), brain natriuretic peptide (BNP)-32 (Abcam, Cambridge, UK), and vascular endothelial growth factor (VEGF; R&D Systems Inc) were determined with the use of commercially available kits, according to the manufacturer's instructions. The results were expressed as ng/g or pg/g tissue.
Cardiac Matrix Metalloproteinases (MMPs) and VEGF mRNA Analysis
Immediately after euthanasia, noninfarcted LV myocardial samples were collected, quickly frozen in liquid nitrogen, and stored at À80 C. They were homogenized in lysis buffer, and the RNA was isolated via the use of an mirVana miRNA Isolation Kit with phenol (Ambion, Carlsbad, Calif) and quantified by measuring optical density at 260 nm. A 260/280 nm optical density ratio of $2.0 ensured the purity of the RNA. Reverse transcription reaction was completed with the HighCapacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, Calif). Quantitative real-time polymerase chain reaction (PCR) was performed in duplicates of each sample in a volume of 10 mL in each well containing cDNA (1 mL), TaqMan Universal PCR MasterMix (5 mL), and a TaqMan Gene Expression Assay (0.5 mL) with the StepOnePlus Real-Time PCR System (Applied Biosystems) for the following targets: MMP-2 (assay ID: Rn01538170_m1), MMP-9 (assay ID: Rn00579162_m1), and VEGF (assay ID: Rn01511601_m1). Data of gene expression were normalized to a reference gene (glyceraldehyde-3-phosphate dehydrogenase; assay ID: Rn01775763_g1). Results were expressed as values normalized in relation to a positive calibrator obtained with a pool of cDNAs from the overall data of the sham group.
Caspase 3 and Bcl-2 Apoptotic Markers
Serial 4-mm sections of hearts embedded paraffin were deparaffinized and hydrated. The sections were incubated with 3% H 2 O 2 and Pierce solution (ThermoFisher Scientific, Waltham, Mass) to block endogenous peroxidase and biotin, respectively. For immunodetection of BCL-2 and caspase-3, tissue sections were incubated overnight at 4 C with rat monoclonal antibody anti-Caspase-3 and anti-BCL-2 (Abcam, Cambridge, Mass), diluted 1:100 in Tris-buffered saline with Tween 20 with bovine serum albumin 1%. After the slides were washed with PBS, sections were incubated with streptavidin (R&D Systems Inc) that was diluted 1:500 in PBS for 1 hour at room temperature, developed with 3.3 0 -diaminobenzidine (Sigma Chemical Co, St Louis, Mo), and counterstained with hematoxylin. Analyses were performed in noninfarcted LV tissue with Image-Pro Plus, version 4.1 (Media Cybernetics, Silver Spring, Md). Results are presented as mean optical density.
Statistical Analysis
All results were expressed as means AE standard deviation, and statistical analysis was performed with commercially available software (Prism 6.0, GraphPad Software Inc, La Jolla, Calif). Differences between groups were assessed by the use of 1-way analysis of variance or 2-way analysis of variance with repeated measures over the condition factor in the LV function evaluation. These tests were followed by pair-wise comparisons between sham or sympathectomy groups in relation to MI group with Bonferroni corrections with P values adjusted to account for multiple comparisons. Kruskal-Wallis test, followed by Dunn's multiple comparison test, was used to assess the differences between sham or sympathectomy groups in relation to MI group, when data were not distributed normally. P values less than .05 were considered statistically significant.
RESULTS
Ninety-one rats were used: 77 were submitted to MI, of which 35 (45%) died. Most deaths (25 rats) occurred in the first 24 hours post-MI as the result of arrhythmia, and the remaining 10 deaths occurred up to 8 weeks after induction, but the mortality rate did not differ among groups. During the 8-week protocol, body weight gain was significantly lower (P <.05) in MI (158 AE 49 g) and LS (156 AE 33 g) rats than in sham rats (195 AE 38 g). The body weight gain was not significantly different in the BS (169 AE 31g) and sham groups.
Infarct Size and Ventricular Remodeling
The ligation of LAD induced successfully a mean infarct size of 37% in the MI group (Table 1) . BS significantly attenuated the extent of the infarct area, a situation that was not observed in the LS group. Similar results were observed when we compared wall thickness. Compared with that in the sham group, significant reductions in the septal and LV wall thickness were observed in the MI and LS groups, whereas no difference was observed in the BS group. The thickness of the right ventricle did not differ between groups.
Microscopic evaluation of the LV myocardium stained with Masson trichrome revealed substantial connective tissue in the LV free wall in the MI and LS groups compared with that in the sham group, whereas a less-important compromise of the extracellular matrix was documented in rats in the BS group (Figure 1 ). The percentages of connective tissue in the LV free wall confirm the significant decrease in fibrosis in BS rats, compared with that in MI rats (Table 1) .
LV Functional Analysis
Steady-state hemodynamics. The data presented in Table 2 show that under steady-state conditions, LVEF decreased significantly in the MI and LS groups 8 weeks after LAD ligation compared with the sham group. In parallel, compared with sham rats, MI and LS rats exhibited a trend to an increase in LVEDV. Both LVEF and LVEDV were preserved in the BS group. The other hemodynamic (Table 2) ; however, systolic function was preserved in BS rats, which exhibited a significant increase in LVEF (P<.01) after DBT 5.0 mg/kg/min, compared with MI rats. Figure 2 also shows that the overall efficiency of contractile activity was significantly better in the BS and sham groups than in the MI group in steady-state conditions and under DBT infusion. The other parameters did not show significant differences between groups after DBT infusion.
Myocardial Cytokines, BNP-32, and Catecholamines No differences were observed in myocardial IL-6 concentration between groups, but compared with sham, IL-10 concentration decreased significantly in the LS and BS groups (P <.01). A slight but not significant increase in BNP-32 concentration was observed only in the MI group. No differences were observed in adrenaline concentrations in myocardial homogenate between groups, whereas a marginally significant noradrenaline concentration increase was documented in the MI group compared with sham (P ¼ .04) (Table E1 ).
Extracellular Matrix Regulation Markers
Myocardial gene expression of MMP-2 and MMP-9. Relative to the sham group, MMP-2 expression in LV did not change in the MI group 8 weeks after LAD ligation. Sympathectomy reduced MMP-2 expression 10.6-fold in the BS group (P < .001) compared with MI. MMP-9 expression was increased 2.3-fold in MI and 1.7-fold in LS, relative to sham. The BS group showed great reduction in MMP expression, $20-fold lower than that in the MI group (Figure 3) . VEGF gene expression and protein content. No significant increases in VEGF gene expression or protein content were observed in MI rats compared with sham. In contrast, VEGF gene expression was reduced in the BS group without statistical significance but showed a great decrease of its protein content in the LV myocardium in relation to that in MI rats (Figure 4 ).
Myocardial Apoptosis
MI and LS rats exhibited a significantly decreased expression of BCL-2, an antiapoptotic protein, compared with sham rats, whereas this protein expression was preserved in the BS group. At this time, the expression of caspase-3, a proapoptotic protein, was significantly increased in MI and LS, whereas BS exhibited values comparable to those of sham rats ( Figure 5 ).
DISCUSSION
We evaluated the effects of permanent sympathetic block at the level of the SG on postinfarction remodeling and ventricular function in rats. Over 8 weeks after MI induction, bilateral sympathetic blockade attenuated ventricular remodeling with the maintenance of LV diastolic volume and wall thickness, thereby preserving ventricular function. Attenuation of LV structural and functional deterioration in BS was associated with decreased apoptotic activity and reduced expression of metalloproteinases and VEGF in the cardiac tissue.
Although pharmacologic therapy effectively controls ventricular remodeling, thus delaying heart failure, the search for new treatment strategies is ongoing. In recent years, inhibition of sympathetic activity by denervation has been evaluated. In a study with infarcted rats, renal denervation improved hemodynamics and reduced neurohumoral activation and ventricular remodeling. Down-regulation of sympathetic activity through vagal stimulation also has been evaluated, and there was less In humans, sympathetic blockade by thoracic epidural anesthesia or thoracic sympathectomy has also been investigated. Guo and colleagues 3 investigated the effects of sympathetic epidural blockade in dilated cardiomyopathy and observed increased LVEF and a reduction in heart chamber size in patients who underwent this procedure. Sympathetic cardiac denervation in patients with left heart failure proved to be safe, and our group also documented modest changes in LV function and quality of life with this procedure for dilated cardiomyopathy treatment. 5 In this regard, despite the possible advantages related to left cardiac sympathetic denervation, as the maintenance of myocardial performance during exercise or the absence of post-denervation hypersensitivity, 6 the relevance of unilateral or BS for heart failure control remains unclear.
Furthermore, inhibition of myocardial extracellular matrix progression by metalloproteinases blockade has been described as another important objective. 13 Both mechanisms are involved in the myocardial remodeling process in dilated and ischemic cardiomyopathies. 14, 15 Sympathetic hyperactivity has profound effects in the long term on rough function and cardiac structure, and also is associated with changes in the myocardial extracellular matrix. 15, 16 A recent study demonstrated that sympathetic hyperactivity seems to be a cause of myocardial extracellular matrix disruption, directly contributing to the development of cardiac dysfunction.
In our study, ligation of the LAD coronary induced moderate MI in rats, progressing to ventricular remodeling within 8 weeks. The substantial mortality observed in the first 24 hours post-MI is well reported and is due particularly to severe ventricular arrhythmia. 18 An absence of significant differences between the studied groups was observed regarding catecholamines, cytokines, and BNP concentration at the myocardial tissue in the long term after MI, despite the significant impact of bilateral sympathetic denervation on LV remodeling and function. The increase in noradrenalin concentration in LV tissue observed in the MI group indicates a high sympathetic activity sustained by the progression of MI. In this regard, these variables are important for the development of ischemic cardiomyopathy, especially when ischemic injury and postinfarction inflammation occur. 13 After the onset of myocardial necrosis, an inflammatory reaction, orchestrated by inflammatory cells (neutrophils, macrophages, dendritic cells, and lymphocytes), cytokines (IL-6 and IL-10), and MMPs (MMP-2 and MMP-9) will lead to scar formation, angiogenesis, and infarct expansion. This infarct expansion may induce a ventricular aneurysm, and the progression of the inflammatory process will promote hypertrophy and dilatation of the non-infarcted area. 14, 15 The remote postinfarction remodeling of the LV wall also is associated normally with increased myocardial apoptosis. 19 Apoptosis is orchestrated by Bcl and caspase family proteins. Bcl-2 is a family of anti-apoptotic proteins (Bcl-2, Bcl-xL, and Mcl-1) that regulates apoptosis in the intrinsic (or mitochondrial) pathway, whereas caspase-3, a pro-apoptotic protein, acts at the cell surface (extrinsic pathway). 20 Our results demonstrated down-regulation of Bcl-2 after MI was abolished by BS, as well the up-regulation of caspase-3.
The changes in VEGF expression also are relevant in the early phase after MI. The presence of this protein is essential for the neovascularization process, especially at the edges of the myocardial scar, justifying the current research on different methods to promote its supply. 21 Improvement of cardiac VEGF gene expression also was suggested as an important mechanism underlying the short-term positive effect of sympathetic down-regulation on cardiac function and structure after surgical renal denervation. 22 In contrast, the current data showed that myocardial gene expressions of MMPs and VEGF were decreased significantly after BS. These changes were associated with the attenuation of LV remodeling and extracellular matrix modifications after MI. The relationship between the activation of cardiac sympathetic drive and the disruption of the myocardial collagen matrix was initially demonstrated by Chen and colleagues, 17 and its relevance for LV remodeling after MI has been discussed by others. 16 The modification of metalloproteinases expression is associated with the myocardial remodeling process induced by MI 15 and other cardiomyopathies, 23, 24 making its inhibition an important new target for the treatment of chronic heart failure. Similarly, the late increase in VEGF expression also has been associated recently with the fibrogenic response of the myofibroblasts, 25, 26 showing that its long term decrease may be related to the successful inhibition of the extracellular matrix. The interruption of this process also was characterized by the inhibition of myocardial apoptosis in our data, as also observed with cardiac sympathetic afferent denervation after epicardial application of resiniferatoxin. 27 The interruption of the myocardial remodeling process after MI with BS observed in the current study also resulted in improved LV systolic function. This occurred with the maintenance of a similar LV diastolic volume compared with sham experiments, despite the existence of a significant MI scar. Regardless of the absence of significant modifications of steady-state hemodynamic parameters with BS in relation to the MI group, the functional indexes derived from pressure-volume loop analysis under pharmacologic stress clearly demonstrated its impact on recruitable stroke work and myocardial efficiency.
Thoracic sympathectomy is a safe and less-invasive procedure that may be performed under a video-assisted thoracic surgical approach for either hyperhidrosis 28 or for the treatment of refractory ventricular arrhythmias. 4 Several studies documented the absence of important complications related to heart function and exercise performance when this procedure was performed bilaterally for hyperhidrosis treatment. 29 In patients with heart failure, we demonstrated previously that thoracic sympathectomy can be performed safely, with a positive impact on physical activity. 5 Furthermore, BS or LS denervation has been investigated recently for the treatment of refractory ventricular arrhythmias. It has significant results and very low complication rates 4, 30 and may prevent arrhythmic disorders after MI. 6, 31 One clinical phase 2 study including patients with New York Heart Association class II and III heart failure and LVEF < 35% (Neural Cardiac Therapy for Heart Failure; NECTAR-HF) evaluated cardiac sympathetic modulation by vagal nerve stimulator. This study did not demonstrate significant improvements in LVEDV, LVEF, or pro-BNP with vagal nerve stimulator therapy, but patients did report a significant increase in quality of life. 32 The current preclinical evaluation of the impact of thoracic BS on LV remodeling after MI demonstrated that this procedure consistently inhibits the unfavorable development of the myocardial extracellular matrix in the ischemic cardiomyopathy model, limiting the deleterious effects of the activation of cardiac adrenergic drive to support weakening heart function. Beta-blockers and angiotensin-converting enzyme inhibitors are unquestionably the gold standard treatment of post-MI heart failure, and they are known to slow ventricular remodeling progression. Inhibition of collagen formation and detrimental extracellular matrix changes also are obtained with these pharmacologic measures. 33, 34 Nevertheless, an experimental study comparing the efficacy of sympathetic renal denervation and pharmacological therapy in rats after MI showed surprising results. 35 In addition to improving LVEF and LVEDV, renal denervation alone consistently reduced plasma norepinephrine, renin, angiotensin II, and aldosterone levels, and was thus superior to treatment with beta-blockers or angiotensin-converting enzyme inhibitors.
The current preclinical findings reinforce the use of thoracic BS for control of sympathetic hyperactivity and demonstrate that interruption of sympathetic activity may disrupt different pathways associated with myocardial remodeling and ventricular dysfunction. This positive outcome may be associated with the known positive influence of thoracic sympathectomy on the prevention of refractory ventricular arrhythmias in patients with various cardiac diseases 4, 6, 30 ; thus, this procedure may be an alternative therapeutic option in the management of myocardial remodeling and dysfunction in patients with severe compromise of LV function after MI. Further studies are warranted to investigate the effects of this surgical approach on dilated cardiomyopathy experimental models and patients with chronic heart failure due to various myocardial diseases. 
